This article provides a technical description of a flexible hinge for wind tunnel rigs. For academic purposes, the device was integrated into several rod flexures to build a home-made external wind balance system. The cylindrical elastic element incorporates several notches, and the flexure linkage is able to transmit force in the main axial direction without hindering perpendicular movement. The flexural element described here is simple and easily manufactured, and can also be used with other types of wind balance. The flexure described in this article has similar functionality to those mentioned in the reference section, but has a more compact element. The project's effectiveness was demonstrated in a series of experimental comparisons of forces and moments measured on a wing using the N.A.C.A. Clark-Y airfoil profile.
Introduction
The wind tunnel is an essential tool for teaching aerodynamics in fluid mechanics and aeronautics courses. 1, 2 Many of its applications allow the measurement of aerodynamic forces exerted over bodies and flow visualizations to measure other elements. 3 Force measurement is an important issue, especially when the aim is to establish the wind profile's characteristics. One example of this is wind turbine blade performance carried out on experimental rigs. 4 Wind balances measure the steady and fluctuating forces that appear across bodies immersed in the fluid stream. Aerodynamic loads can be calculated with balance geometry and load measurements. After decoupling the interacting forces, loads over the model can be represented by six main quantities, three forces, and three moments. A reliable wind balance at aerodynamic tunnel facilities is essential for these measurements to be accurately made.
Wind balances can be divided into strain gage, rotary, internal, and external. 5 The internal balance is usually a stinger. Smith et al. 6 described an internal balance device used to measure six quantities (three forces and three moments). These kinds of instruments must be attached near the gravity center of the models. 7 The model must possess a minimum volume to allow internal balance. 8, 9 In special circumstances, the shape and dimensions of the model do not allow the use of an internal balance, for instance when testing small-scale airfoils or models. Engineering undergraduates are often required to build their own models during the course of their studies. Because of time and financial limitations, these home-made models cannot be very large, and external balances are fitted to house small prototypes. Furthermore, their open designs are highly educational, making them ideal for teaching purposes.
Four types of external balances are commonly used. They are classified according to their loadcarrying categories: 5, 10 wire, platform, yoke, and pyramidal, according to the manner in which the system is assembled. The platform balance is one of the most widely used and extensively documented (see reference section). Its working principle is based on the measurement of six principal forces, three in a vertical direction and the others horizontal. Load cells are used as force-sensing elements based on the strain gage deformation sensors. The force connections between the model and the strain gage cells are achieved using a set of long slender rods fixed to a floating rigid structure. This rigid piece is connected to the load cells by specialized flexible elements that serve as elastic hinges. These hinges play an important role, ensuring that the set formed by the model and its supports can be considered a free-floating body. Another equally important issue is guaranteeing orthogonality between the forces transmitted to the load sensors. Usually, three rods are used to attach the model to the floating platform.
When the test model has an elongated shape and considerable aspect ratio like a streamlined body, the external balance is particularly suitable and allows the scaled airfoil to be directly fixed to the acting force struts. In an external wind balance, the strut rods play a vital role, transmitting aerodynamic forces to the sensor elements. Strut behavior should be able to withstand a large axial load but have very low resistance to lateral loads. Milling machined flexures with two perpendicular planes have been documented. 5, 11 The flexure sections are tuned according to the anticipated aerodynamic strength range. A compromise decision must be made between the axial load capacity and the flexibility needed with negligible reaction forces. 11 In this case there is a risk of buckling. If the strut rod is overloaded, further recalibration of the balance is required due to the permanent deformation suffered by the flexure. One solution would be to restrict the lateral displacement of the flexure by means of mechanical limits.
This article presents a patented flexible hinge, also known as a flexure, which has overcome the weak flexibility experienced in machining flexures which use thin elastic sheets. Wind Balance Details section briefly describes the underlying theory of wind balance principles. Design Overview section presents a brief description of the theory behind the flexure's design. Description of the Device section describes the innovative solution, including its design details and authors. Finally, Experimental Comparisons section presents several experimental tests on a Clark-Y airfoil, which show slightly different results to other previously published experimental data.
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Wind Balance Details
Normally the external platform balances have three supports to host the airfoil being tested, see Fig. 6 . This set is supported over a mainframe that exerts six decoupled forces on the load cells hosted at the base of the structure. The equations below show the aerodynamic forces and torques experienced by the aerodynamic body surrounded by the free flow.
Further details can be found in Ref. 5 .
Let x, w be dimensional parameters. The equation system above is only valid if the force orthogonality is conserved. When large aerodynamic forces are omitted from the model, several unbalanced moments will be noted in the event of misalignments in actuating sensor strength. This drawback must be overcome using fine alignment followed by an accurate calibration procedure to remove the moment interactions.
Balance linkages
The most important components of the external balance are the linkages designed to have minimum deflection under maximum loads. A noticeable number of them may be present in a balance test. The joint between the linkages and the platforms are the pivots that yield very small angular motion with negligible displacements. The pivots must allow only very low friction to avoid hysteresis in the balance when the loads revert their directions. The oldest balance models used knife edges, 5, 13 experience drawn from the old analytical balance being of extreme importance. The knife edge is not suited to absorb shock loads and can only be used to transmit forces in the direction of compression; it does not allow pulling. For this reason knife pivots are usually replaced with flexible elements.
The flexible pivots have several advantages: The outer part of the floating frame is held in place by a system of struts that are highly resistant to tension and compression, but are very easily bent. These struts must be long enough to reach out of the test section of the main balance's body and thin enough to avoid excessive interference with the main airstream. One of the most troublesome problems of wind tunnel balances is a lack of rigidity. The largest source of deflection is the mounting system. The force transmission must be ensured with null deflection in all directions except the direction of interest. Misalignments and deformations in undesired directions jeopardize the whole concept of orthogonality in the decoupled equation system previously described. The ideal system must allow a straightforward axial transmission of aerodynamic force to the load cell sensor without suffering any kind of beam deflection.
Design Overview
Flexible bearings and elastic hinges are a specialized application of bending theory. The principles of a buckling structure mechanism are modeled using differential equations of varying complexity.
14 -16 Several types of behavior can be observed when structural elements are under compression.
14 The formulation and solution of these systems is beyond the scope of this article but a complete compendium of resolved application cases can be found in Ref. 17 . The number of feasible designs and applications is very large. Wang 11 reported the design of several flexible hinges where the behavior of different crosssectional designs was analyzed. Zhu and Zhang 18 present the use of a monolithic flexure frame as a design strategy to reduce the total number of mechanical components. Slocum 19 highlights the design fundamentals of monolithic devices, detailing a flexible mount based on a cantilever element to be used in optical appliances.
Usually, the elements of flexible rods for external aerodynamic balances are made using mutually perpendicular flexible sheets joined at adjacent edges, as detailed in Ref. 5 . Damage caused by bending or twisting is the most commonly observed flaw in this design. Geometrics play a crucial role in solving this problem. If the length-width ratio is too small the element will be crushed by the excessive yield strength created by compression, or buckling will occur. Buckling can be catastrophic and occur at any moment, making it a particularly dangerous flaw. The structural system collapses, often resulting in partial destruction of the balance, and unlike yielding failures, there may be no warning signs. Design engineers must therefore be particularly vigilant and always check buckling risk. Although based on the principles shown in Ref. 5 , our idea has been improved to minimize the risk of buckling.
The next paragraphs describe the principles followed by designers to obtain a flexible element to be applied in aerodynamic balances. Our proposal, designed for academic purposes, is based on the construction of flexible elements as a single monolithic piece.
The loading conditions to consider are simple compression and bending. Traditional buckling analysis is based on Euler's theory. Stable column analysis is based on the use of free-pinned joints. 17 In this case, the most conservative critical load which will bring about column collapse is given by,
or its equivalent yield stress
The slenderness ratio is defined as S r = L c /r g where r g is the radius of gyration, and is defined as r g = √ J/A which is a parameter that measure the propensity of failure in a certain direction that of the least radius of gyration. Again J is the second moment of area, and A is the cross-sectional area of the column. Therefore the radius of gyration is J = r 2 g A. If the slenderness ratio S r > S cr critical slenderness ratio, then the column is treated as a long column and the Euler buckling formula is applied,
If S r < S cr the column is treated as a short column. At this kind of column, failure may occur by compression without significant buckling and at stresses exceeding proportional limit. For this condition, Johnson's formula is used, or the yield stress is determined by the following equation:
The limit condition to decide when expression (10) should be applied is obtained by solving the system formed by expressions (8) and (11) . For S r ≈ 20, Eq. 10 could be approximated to a near pure compression P cr = σ y A. More accurate models and specific designs can be found in Ref. 19 . In following section the authors present a general overview of the design comparisons between the flexure presented in this article and other equivalent product available on the market.
Finally, the elastic constant experienced at the flexure head must be evaluated. Its value should be minimized in accordance with the axial load responsible for bending. The elastic constant K θ depends on the lateral deflection y of flexure due to the lateral force aligned with direction with lowest r g .
The column's lateral deflection y at P axial load, solved by Refs. 17, 20 is given by,
where α 2 = P/(EJ) For a given torque τ = WL c , the deflection y at the top of the column is evaluated by the angle θ = y /L c then,
The design procedure can be summarized by:
1 The maximum axial load P Ecr that will be transmitted over the load cell is set. 2 The designer sets the minimum achievable thickness of the flexure device. This issue is closely related to the machining method chosen and manufacturing technology applied. 3 From a pure compression hypothesis, the rectangular shaped column area gives the transverse width, and the minimum width will then be known. 4 The S cr is determined 5 With J and S cr the column length L c could be estimated. 6 Using expression (12) the K θ elastic constant may be known 7 If the design parameters K θ do not verify the desired specifications, parameters like L c or A could be modified, repeating the procedure from point 2. 
Description of the Device
The flexible hinge 21 proposed here is made from a boring rod section, conveniently mechanized with several arc-shaped cuts. In order to achieve this, an appropriately sized stainless steel tube is made using electrical discharge machining techniques, to make four thin cuts along the tube axis, see Figs. 1 and 3. This procedure creates two sets of symmetrical flat twin columns, which are able to withstand axial loads. This flexure design is based on folding the traditional flat pinned texture along the main axis, see Ref. 5 . The resulting flexible hinge overcomes the risk of buckling. The proposed design also permits the creation of a shorter flexible hinge, which is less prone to collapse in the event of a large axial force overload.
The proposed design 21 has several advantages over the traditional elastic foil. 5 First, the main structure itself limits the total lateral displacement that each column can perform. Second, axial misalignment between orthogonal planes is prevented by the accuracy of the machining procedure. Finally, the folding idea detailed here achieves more compact flexible struts, which could be used not only for wind balances but also other mechanical movement, such as those in optical positioning systems. Figure 2(b) shows a cross-section view of the flexure element with flat, flexible beam elements. Furthermore, the cuts are finished with short curvilinear segments in order to minimize stress concentration. Figure  3 shows the two threaded holes needed to fix the flexure to the platform or load cell. Because the size of the flexible beam can be increased to deal with very high loads, the tested prototype was adapted to the wind tunnel available at the department's facilities. The maximum loads are estimated in accordance with the highest anticipated aerodynamic forces at the facilities. The experimental test shows that the prototype achieves high linearity without appreciable hysteresis in the measurement of low loads such as those deployed on a small airfoil at low Reynolds numbers. The prototype has a width of 0.3 mm and length of 16 mm on each flexible element. Sizing the 8 mm external diameter with a 3.2-mm bore, the flexible element has a 0.3 × 2.4 = 0.72 mm 2 cross-section. The transmitted axial load was limited up to 11 N without an appreciable bending effect. The cut gap's thickness is achieved by lateral displacement permitted by the strain gage deformation. Furthermore, negligible bending was observed when the described prototype was tested up to 32 N load. The elastic constant was fixed at 0.015 Nm/rad. Figure 4 shows a general view of the external platform balance with flexible rods transmitting aerodynamic forces to the load cells. 
Experimental Comparisons
An external wind balance, designed to assist academic courses, was equipped with elastic rods built using several of the flexures described above. In order to validate its performance, a Clark-Y airfoil was chosen to compare balance performing. Figure 6 shows the airfoil cross-section by percentage of chord profile. 22, 23 Reliable data has been published regarding the Clark-Y airfoil; for instance, Silverstein 12 conducted a detailed study of the Reynolds number range 1 × 10 6 -9 × 10 6 on the airfoil chord dimension. The comparison was made at 30 m/s of mainstream velocity; equivalent to dynamic pressure of 518 Pa obtained by a Pitot probe, and a 1.6 × 10 5 airfoil Reynolds Number was reached. To make a reliable comparison, the airfoil's aspect ratio, defined by the chord/length relation, should be preserved or corrected. Thus, a 3.15 aspect ratio of Clark-Y airfoil with 0.08 m chord length and 0.252 m wingspan was tested.
Test data on a 4 × 24 in. rectangular Clark-Y airfoil of an aspect ratio of 6 were chosen for comparison. 12 The measured characteristics have been corrected both using the respective aspect ratios following the Abbott et al. 22 Silverstein 12 exposed similar procedure. The effect on the airfoil characteristics are given by the following formulas:
where C D and α ' correspond, respectively, to the drag coefficient and angle of attack (radians) of the wing of aspect ratio AR ' which corresponds with the N.A.C.A. reference. Figure 7 (a) shows both N.A.C.A. and test lift coefficients. There are slightly differences at the small positive angles and negative incidences. Agreements of 3% mean square error have been measured. The stall condition appears at the angle of incidence of α = 12
• , see Fig. 7(a) . This fact agrees with Marchman et al. 25 that describes similar behavior between the lift and the angle of attack. The anticipation of the stall phenomena is a feature related with the lower Reynolds numbers.
At lower Reynolds numbers, the stall condition occurs at lower angles. Therefore, the experimental data reflects the stall condition at α = 12
• , meanwhile the N.A.C.A. reference appears near of α = 17
• , see tested airfoil performed C D,min = 0.03 at α = -1
• .
The instrumental error should be the reasons of the difference found. Even though this deviation, there are other interesting aspect to point out. Between the 13-17
• interval of the angle of attack, the drag experiments a singular rise-up behavior. Very similar behavior has been observed in Marchman et al. 25 when the authors compare low Reynolds drags against drags at the high Reynolds conditions.
Another characteristic which is of importance in the study is the curve of the lift to drag ratio plotted against angle. Particularly, the L/D characteristic shows the significant influence of the drag rise-up pointed above, see 
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The pitching moment coefficient needs a more detailed analysis. There is a scale difference between both measurements but significant statistical correlations have been measured. A linear correlation analysis shows a scale factor of 1.63 with a 0.91 regression coefficient value taken from the normalized covariance matrix. The coincidence is quite relevant, as observed in Fig. 9(c) . Figure 9 (a) shows the comparatives performances between pitching moment against lift. Regarding the differences shown by the linear regression, the pitching moment curve of the tested airfoil is below the N.A.C.A. reference due to the aspect ratio differences. 24 
Conclusions
A flexible cylindrical bearing with a small elastic constant, specifically designed to build elastic prongs was presented. A platform wind balance for academic projects was the primary objective. The flexure is based on the idea of folding two perpendicular planes along the principal axis. Both planes act as a flat elastic element required for the balance struts. flexible monolithic spring used as a wind balance may be extended to other micro-mechanical positioners.
In this article, a comprehensive description of the design procedure has been presented. Several comparisons have been carried out to test flexure performance, using performance data from the wellestablished N.A.C.A. Clark-Y airfoil as a basis. Lift and drag forces, together with pitching moments have been measured after balance calibration. Based on the comparative experimental and reference data, slight differences have been found in the lift, drag and pitching moment. The device developed is an affordable option for building a wind platform balance for academic use. Because of its performance, it is also suitable for other applications such as optical positioning systems. 
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